Summary: The expression of the homeobox transcription factor Pitx1 was investigated in the Mexican axolotl (Ambystoma mexicanum) during limb development and regeneration by whole-mount mRNA in situ hybridizations. This clone shares high amino acid identity with Pitx1 from other vertebrates (92% Xenopus; 87% chick; 75% human and mouse) within the region isolated. In the developing limbs, Pitx1 was expressed in hindlimb mesenchyme, as has been reported in other species. The expression pattern in the hindlimb might have been conserved during evolution. In the regenerating limbs, Pitx1 was expressed in both fore-and hindlimb blastemas. Our observations suggest two roles of Pitx1 in the axolotl: one is to determine the hindlimb pattern during development, and the other that relates to proliferation of regenerating tissues without regard to fore-or hindlimb.
Introduction
In developing limbs, it is generally known that Tbx4 is expressed in the hindlimb, and Tbx5 in the forelimb, and the differential expressions of these Tbx genes are important for discrimination between forelimb and hindlimb 1, 2, 3) . However, in urodeles (Notopthalmus viridescens and Ambystoma mexicanum), Tbx4 and Tbx5 are coexpressed in both limbs during the early phase of normal development 4) . This suggests that the Tbx genes are unlikely to specify the difference between the two developing appendages, at least in two urodeles. It is not clear how urodeles manage to develop discrete forelimbs and hindlimbs.
In urodeles, the molecules that play important roles in the distinction between the forelimb and hindlimb during development have not been clarified, but Pitx1 may be one of the candidates for controlling the specification of the hindlimb 4, ) . Pitx1 has been demonstrated to act upstream of Tbx4, and its hindlimb-specific expression is considered to be critical for hindlimb patterning 6, 7, 8, 9) . The expression of Pitx1 has been investigated in many species; e.g. mouse 7, 10) , chick 6, 8) and Xenopus 11) . In these species, Pitx1 is exclusively expressed in the developing hindlimb. The conservation of Pitx1 during hindlimb development in a variety of species prompted us to confirm its presence in the urodele: Pitx1 may play a key role in specifying the limb pattern.
Urodeles have been used extensively to study the mechanism of regeneration because they can restore missing parts; e.g. limbs, gills and tails, during their entire life span, known as epimorphic regeneration. During limb regeneration, Khan et al. 4) suggested that Tbx4 is exclusively reactivated in hindlimb blastemas, and Tbx5 in forelimb blastemas. The disparity of results that Tbx genes are differentially expressed during the regeneration process of the urodele fore-and hindlimbs, while they are co-expressed during development 4, 12) , implies that regeneration is not merely a redeployment of development. This implication led us to a working hypothesis that Pitx1 may play some role in the regeneration of the urodele limbs because Pitx1 is thought to act, as described previously, upstream of Tbx4.
Materials and Methods

Experimental Animals and Manipulation
All Axolotls (Ambystoma mexcanum) used in experiments were bred in captivity in our facility. Embryos were staged according to Bordzilovskaya et al. 13) and Nye et al. 14) Regenerating limbs of adult axolotls were staged referring to Iten and Bryant 1) . In regeneration experiments, animals were anesthetized with 0.01% (w/ v) ethyl m-aminobenzoate methanesulfonate (Nakarai Tesque, Kyoto, Japan). The forelimbs were amputated at the interface between the radius/ulna and metacarpas, and the hindlimbs between the tibia/fibula and the metatarsus. The day following limb amputation was designated as 1 day after amputation. The limbs were fixed overnight at room temperature with gentle agitation in freshly prepared MEMFA (0.1M MOPS, pH7.4, 2mM EGTA, 1mM MgSO 4 , 3.7% formaldehyde) and then stored in MeOH at -20°C until use.
Isolation of axolotl Pitx1 cDNA clones, sequence analysis, and alignment
Total RNA of stage 2 axolotl larvae was reverse transcribed and the cDNA used as a template for PCR. Degenerate primers GARGARATHGCNGTNTGGACNAA and TTRCANGTRTCNCKRTANAC were used for the first amplification, followed by a second round using the nested primer pair GTNMGNGTNTGGTTYAARAA and CATNSWRTTRAARAANGTRAA, and then a 216bp fragment was obtained. This fragment was extended at the 3'end by RACE-PCR to obtain a 417bp fragment. Its amino acid sequence was determined by cycle sequencing using a BigDye Terminater and ABI prism 310 (Applied Biosystems, CA, USA).
In situ hybridization
The limbs in the process of development and regeneration underwent whole mount in situ hybridization by the modified method of Harland 16) . Briefly, the limb samples were rehydrated and treated with 20 μg/ml proteinase K; firstly, on ice for 30 min and, secondly, at 37°C for 20 min (embryo) or 30 min (regenerate limbs). They were prehybridized overnight and reacted with digoxigeninlabeled-antisense-RNA probe (Roche Dagnostics, Tokyo, Japan). Hybridization was performed for two days at °C . The samples were rinsed by electrophoresis for 60 min at 100V to remove non hybridized-probes 17) , put into the agarose gel (2% agarose in Tris-Acetate-EDTA [TAE] buffer) mounted on the electrophoresis tank, and covered by TAE buffer. They were rinsed in PBT (Phosphatebuffered saline with 0.1% Tween-20) for 10 min and left in alkaline phosphatase conjugated anti-digoxigenin antibody (diluted 1:1000 with blocking solution) overnight at 4°C. The samples were washed in PBT, developed with NBT (Nitro Blue Tetrazolium) and BCIP (Bromo-4-chloro-3-indolyl Phosphate) for 2-hr, washed again in cold PBT, and stored in 0% EtOH/PBT at 4°C in the dark.
Results
Axolotl Pitx1 fragment cDNA Cloning
We have isolated an RT-PCR fragment of the axolotl Pitx1 from total RNA at developmental stage 2, the largest clone of which had 417 nucleotides and encodes 139 deduced amino acid peptides (Fig. 1A) . This clone shares a high amino acid identity with Pitx1 from other vertebrates (92% Xenopus; 87% chick; 7% human and , chick 6), human 19) , and mouse 10) homologs. B) Phylogenetic tree of Pitx1 by using BLAST pairwise alignments. mouse) within the region isolated. Phylogenetic analysis shows the clustering of Pitx1 among several species (Fig.  1B) .
Pitx1 Expression Pattern in the Developing limbs
Like in other vertebrates, Pitx1 expression was not detected in the forelimb at early developmental stages (Fig.  2) , but was positive in the hindlimb mesenchyme (Fig. 3) . The hindlimb first emerged at stage 51 as a small, round and opaque area underneath the skin (Fig. 3A, arrow) . Pitx1 expression at this stage was faint in the tiny limb bud. As the limb bud grew larger, the expression became intensified and definitely positive at about stage 52 (Fig.  3B) . The expression persisted throughout the palette and digit formation, but became gradually deteriorated as a whole (Fig. 3C) . At stage , when the digit cartilage was differentiated, weak signals still remained in the entire mesencyme of the hindlimb, with the maintenance of somewhat intense signals in the interdigit mesenchyme (Fig. 3D ).
Pitx1 Expression Pattern in the Regenerating Limbs
The expression patterns of Pitx1 in regeneration of the fore-and hindlimbs were determined by whole mount in situ hybridization. Both the fore-and hindlimbs showed Pitx1 expression and shared a common pattern of the expression during the course of their regeneration. At 2 days after amputation, the blastemal mesenchyme of both the fore-and hindlimbs showed a weak Pitx1 expression (Figs. 4A and 4D) . Then, the signals became gradually intense and were detected everywhere in the mesenchyme of the regenerating blastema at 10 days after amputation (Figs. 4B and 4E ). After the palette stage, at 2 days after amputation, the major bones commenced differentiation and Pitx1 expression was present predominantly in the interstitial mesencyme (Figs. 4C and 4F) . The expression was not found in the epithelium, cartilage or bone throughout the regeneration process. 
Discussion
The expression of the homeobox transcription factor Pitx1 has been investigated in tetrapodium; mouse 7, 10) , gallus 6, 8) , and Xenopus 11) . In these species, Pitx1 is exclusively expressed in the developing hindlimb. In amphioxus, too, Yasui et al. 18) demonstrated that Pitx1 is expressed in the caudal domain. Considering the presence of Pitx1 expression in a variety of species that form the vertebrate phylogenetic tree, the expression pattern in the hindlimb might have been conserved during evolution. The expression pattern proposed by the present axolotl study is compatible with this concept.
In the hindlimb, Pitx1 has been demonstrated to act on upstream of Tbx4, and many investigators , 6, 7, 8, 9) believe that its hindlimb-specific expression is critical for hindlimb patterning. With regard to this relation of Pitx1 with Tbx4, however, one should recollect a report that Tbx4 and Tbx5 are co-expressed in both the fore-and hindlimbs during an early phase of the normal development in the newt and axolotl 4) . Namely, these authors concluded that Tbx genes are unlikely to provide an alternative cue that is required for either hindlimb or forelimb differentiation. Their observation that Tbx4 and Tbx5 are co-expressed in the hindlimb and our result that Pitx1 is expressed exclusively in the hindlimb during the early stage of axolotl development seem to suggest the role of Pitx1; Pitx1 may relate to the specification of the hindlimb pattern in the development of the axolotl. Our conclusion coincides with the suggestion by Minguillon et al. ) that Pitx1 remains, as far as they know, the only candidate for controlling the specification of the hindlimb in mice.
The urodele is able to restore missing limbs throughout life. Pitx1 may also play a certain role in such regeneration of limbs is another working hypothesis of the present study. We followed the changes of the Pitx1 expressions during the regeneration of the fore-and hindlimbs of the axolotl and found that, to our surprise, Pitx1 is equally expressed not only in the regenerated hindlimb, but also in the regenerated forelimb. The regenerated limbs were equipped with proper organizations of the fore-and hindlimbs, respectively. These results suggest that, in the process of limb regeneration, Pitx1 may have little relation to the specification of limb morphology. What is interesting is the report by Khan et al. 4) that Tbx4 and Tbx5 display different expressions during regenerative pattern formation in newts and axolotls. Namely, Tbx4 is exclusively reactivated in hindlimb blastemas and Tbx5 in forelimb blastemas, suggesting that these Tbx genes may participate in the pattern formation in the regenerating limbs of axolotls.
One can comprehend the genetic scheme of the axolotl limb formation, although it is a rough one; patterning and proliferating roles are complementarily taken by Pitx1 and Tbx genes according to development or regeneration of the limbs. During development, Pitx1 relates with, at least, hindlimb patterning and Tbx genes with the proliferation of variety of tissues regardless of whether it is the fore-or hindlimb. In the regeneration, these roles reversed, namely, Pitx1 relates with the proliferation of tissues without distinguishing between the foreor hindlimb, Tbx genes with limb patterning. Recently, Chang et al. 11) reported that Pitx1 was expressed in the development of the forelimb and hindlimb in anuran amphibians, Euletherodactylus coqui. Their observation appears to be incompatible with the gene scheme, but this is not necessarily so. They, at the same time, pointed out that Pitx1 in the forelimb was positive at its late stage of development, but not at its early stage when the limb patterning is taking place. There is a possibility that Pitx1, which appears in the development of the E. coqui forelimb, may not exert an effect in the forelimb patterning, but may have other role, probably for tissue proliferation.
